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Optically-induced phase transitions of the manganite Pr1/3Ca2/3MnO3 have been simulated using
a model Hamiltonian, that captures the dynamics of strongly correlated charge, orbital, lattice
and spin degrees of freedom. Its parameters have been extracted from first-principles calculations.
Beyond a critical intensity of a femto-second light pulse, the material undergoes ultra-fast and non-
thermal magnetic phase transition from a non-collinear to collinear antiferromagnetic phases. The
light-pulse excites selectively either a spin-nematic or a ferroelectric phase depending on the light-
polarization. The behavior can be traced to an optically induced ferromagnetic coupling between
Mn-trimers, i.e. polarons which are delocalized over three Mn-sites. The polarization guides the
polymerization of the polaronic crystal into distinct patterns of ferromagnetic chains determining
the target phase.
The manipulation of local spin order in a magnetic
material by electrical or optical means forms the basis
of proposed "beyond Moore’s Law" information tech-
nologies. Photo-induced magnetic phase transitions are
possibly the fastest way to alter the spins in magnetic
materials, as demonstrated by femtosecond timescale ex-
periments in several ferromagnetic (FM) systems [1–4].
While direct access to the magnetic order in antiferro-
magnetic and non-collinear spin systems by experiments
has been challenging due to very weak or zero net mag-
netic moments, recent advances have opened new possi-
bilities to use these spin orders as information systems:
Optically-induced magnetic phase-transitions have been
observed from antiferromagnetic to paramagnetic states
in FeBO3 [5], from collinear to non-collinear antiferro-
magnetic states in DyFeO3 [6] and CuO[7]. Inducing
weak ferromagnetism through Dzyaloshinskii–Moriya in-
teractions by optically altering local spins in antiferro-
magnets can be crucial in multiferroicity.
Perovskite manganites are a class of materials with
strongly correlated spin, lattice, charge and orbital de-
grees of freedom.[8–11] This results in a rich phase dia-
gram with long-range ordering patterns. Recently, sev-
eral fascinating photo-induced phenomena such as mag-
netic phase transitions, hidden phases, and long-lived
excitations have been observed experimentally in the
charge- and orbital-ordered manganites [12–15].
In this letter, we report on optically induced,
non-thermal magnetic phase transitions in the photo-
excited charge- and orbital-ordered stripe-phase
Pr1/3Ca2/3MnO3 with non-collinear spin order. The
magnetic phase transition is observed above a critical
intensity of the light pulse. Two distinct sets of an-
tiferromagnetic patterns can selectively be produced
by choosing the polarization direction of the light
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FIG. 1. Charge, orbital, and spin order of Pr1/3Ca2/3MnO3
in (a) the ground state, (b) the spin-nematic phase obtained
with a polarization along ~a+~b and (c) the ferroelectric phase
obtained with a polarization along ~a or ~b. The three copla-
nar spin directions at Mn sites are shown in white, gray,
and black. (d) Density of states projected on the Wannier
states |w1〉 (white), |w2〉 (pink), |w3〉 (yellow), |w4〉 (black)
and |w5〉 (grey). The right- and left-side shows contribution
from majority- and minority-spin states and the dashed line
is the Fermi level. (e) Wannier states |wi〉 with i ∈ {1, 2, ...5}
localized on a Mn-trimer. The red arrows indicate dipole-
allowed intra-trimer electronic transitions. (f) |w2〉-|w5〉 state
hopping of adjacent orthogonal trimers.
pulse: One set of optically induced phases exhibits
ferroelectricity. The other set are novel spin-nematic
phases with two-fold rotational symmetry. It will be
discussed how to selectively drive the system into specific
broken-symmetry states and ways to probe them will be
suggested. The detailed analysis provides a fairly general
picture of optically induced magnetic phase transitions.
The photo-excitation and the subsequent non-
equilibrium dynamics presented in the paper is studied
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2with a tight-binding model for manganites combined with
Ehrenfest dynamics. The model captures the strong cor-
relations of electrons, spins and phonons in the mangan-
ites. The model, its parameters and the methods used for
the Ehrenfest dynamics have been discussed previously
[16, 17].
In Pr1−xCaxMnO3, the octahedral crystal-field splits
the Mn 3d-shell into three non-bonding t2g orbitals and
two antibonding eg states, which are shifted up in en-
ergy. In the manganites, the t2g electrons are fully spin
polarized and localized. They are described by a spin ~SR
with length 32~ on each Mn-ion. The eg electrons delo-
calize via the oxygen bridges connecting the Mn-ions and
are described by Pauli-spinor wave functions |ψn〉. The
eg electrons experience an onsite Coulomb interaction, a
Hund’s coupling to the spins SR and an electron-phonon
coupling with three local phonon modes per Mn-site. The
phonon modes are the octahedral breathing Q1,R, and
the two Jahn-Teller-active modes Q2,R and Q3,R. The
phonon modes are highly cooperative due to the oxygen
ions shared between neigboring MnO6 octahedra. The
spins experience an antiferromagnetic inter-site coupling.
As the perovskite systems are described in the Pbnm
space group, we use the corresponding lattice vectors
with ~a||(~ey−~ex), ~b||(~ex+~ey) and ~c||~ez, where eˆx, eˆy and
eˆz are the directions pointing along the nearest Mn-Mn
sites.
The ground state of Pr1/3Ca2/3MnO3 is the so-called
stripe phase.[18]. Its charge, orbital and spin order is
shown in figure 1.a. Although the charge and orbital
order of the stripe-phase Pr1/3Ca2/3MnO3 is well estab-
lished, its spin order is yet under debate[8, 18, 19]. Based
on our calculations, we propose the new spin order, shown
in figure 1.a, which has a lower energy than those sug-
gested previously [18–20] [21].
The ground state has a coplanar spin order with three
distinct spin axes with an angle of 120° among each other.
The spin order in the ab−planes can be understood as an
arrangement of trimers. Each trimer is a segment of three
ferromagnetically aligned Mn sites in a row along ~a+~b or
~a−~b directions in the ab plane. Each trimer is surrounded
in the ab-plane by neighboring trimers with a relative
spin angle of either +120° or −120°. The ab-planes are
antiferromagnetically coupled along the c−axis.
The central Mn-ion of a trimer has a Mn3+ oxida-
tion state and the terminal Mn-ions are in the Mn4+
oxidation state. Oxidation states are integer by defini-
tion. The real charge distribution is more subtle: In our
tight-binding model, the formal Mn3+-ions have 0.71 eg
electrons, while the formal Mn4+-ions have 0.145 eg elec-
trons.
The Jahn-Teller effect lifts the degeneracy of the eg
orbitals at the central Mn3+ site and simultaneously dis-
torts its MnO6 octahedron. The orbital-polarization at
Mn3+ sites is of d3x2−r2 , respectively d3y2−r2-type, [22]
and forms a long range orbital-order pattern shown in fig-
ure 1.a. The Jahn-Teller distortion at the formal Mn4+
ions is smaller, consistent with their eg occupancy.
Analogously to the half-doped Pr1−xCaxMnO3,[16] the
electronic structure can be rationalized byWannier states
centered on the trimers. They are shown in Figure 1.e.
The filled states are well represented by the |w1〉Wan-
nier states as seen in the projected density of states 1.d.
They have bonding character and a large weight on the
Mn3+ central sites. Above the Fermi level are the non-
bonding |w2〉-states which are localized on the terminal
sites of the trimer. The |w2〉 states can strongly hybridize
with the nearly iso-energetic |w5〉 orbitals of a neighbor-
ing trimer. The Wannier states with highest energy are
the fully antibonding trimer state |w3〉 and the upper
Jahn-Teller orbital |w4〉 of the central site.
To investigate the photo-excitation, we choose a lin-
early polarized 100-fs light pulse with photon energy
~ω=0.92 eV, for which the system exhibits maximum
absorption. The electromagnetic field associated with
the pulse is ~E(r, t)=~eAωIm(Aoe−iωt)g(t), where Ao is
the amplitude of the vector potential, ω is the an-
gular frequency, ~eA is the direction of the electric
field and the Gaussian pulse shape is imposed by
g(t)=e
− t2
2c2w ( 4
√
pic2w)
−1 which has FWHM of 2cw
√
ln 2.
The effect of the electromagnetic field is incorporated in
the model through the Peierls substitution as described
earlier[17]. A 12×12×4 supercell with 576 Mn-ions has
been used for the simulations.
To monitor the phase-transition, we use the spin-
correlation function
CS(~G)=
1
N
∣∣∣∣ N∑
R=1
ei
~G~RR(~SR + ~sR)
∣∣∣∣2 (1)
where ~SRi and ~sRi are the spins of t2g and eg electrons,
respectively, at site R. The wave vector ~G is represented
by its relative coordinates (h, k, l) in the Pbnm setting.
The charge and orbital order is monitored by their cor-
relation functions.
The charge-correlation CQ is
CQ(~G)=
1
N
∣∣∑N
R=1 e
i ~G~RR(nR − 〈n〉)
∣∣2, where nR is
the eg-electron-density at site R and 〈n〉=1/3 is its
average value.
The orbital-correlation function CO(~G) is
CO(~G)=
1
N
∣∣∑N
R=1 e
i ~G~RR(nx,R−ny,R)
∣∣2 where nx,R
and ny,R are the occupancies of two orthonormal eg
states |θi〉 with i ∈ {1, 2} at site R. [23]
The dynamics of the system has been studied for four
different polarization directions of the light-pulse in the
ab-plane, namely with the electric field along ~a, ~b, ~a+~b,
and ~a−~b.
The excitation leads to two distinct outcomes depend-
ing on the polarization of the light pulse:
• A polarization along the oxygen bridges, i.e. par-
allel to ~a + ~b or ~a − ~b, drives the material into a
spin-nematic phase shown in figure 1.b.
• A polarization along ~a or ~b leads to a ferroelectric
phase shown in figure 1.c.
3k
h
k
hh
k
FIG. 2. Top: Spin correlation function CS for l=1 of the
ground state (left), the nematic phase obtained by a light
pulse polarized along ~a ± ~b (middle) and the ferroelectric
phase obtained with polarization along ~a or ~b. The corre-
lation functions of the optically induced phases are shown
for 1 ps after the pulse. Bottom: Time evolution of the
spin correlation function at (1/2, 1/2, 1) characteristic for the
spin-nematic phase (left) and at (1/3,1/2,1), which is char-
acteristic for the ferroelectric phase (right). The full lines
show the spin correlation at (1/3,1/3,1) characteristic for the
ground state. The colors refer to the increasing intensities
with Ao= 0.10 ~/eao (black), 0.225 ~/eao (blue), 0.45 ~/eao
(green) and 0.50 ~/eao (red). The corresponding photon ab-
sorptions per Mn Dp for polarization along ~b (~a + ~b) are
Dp=0.002(0.001) ph/Mn (black), 0.016(0.015) ph/Mn (blue),
0.047(0.039) ph/Mn (green) and 0.062 (0.043) ph/Mn (red).
The spin-correlation functions for the ground state
and the two optically-induced phases are shown in fig-
ure 2. The order parameter for the transition is the spin-
correlation function at specific reciprocal lattice vectors.
Their time dependence demonstrating the ultra-fast re-
sponse on a sub-picosecond time scale is shown in figure 2.
• The coplanar spin order of the ground state dis-
plays strong peaks in the spin-correlation CS at
wave vectors (h, k, l) = (u ± 1/3, v ± 1/3, 2w − 1)
with integer u, v, w and independent ±.
• The spin-nematic phases are characterized by two
sets of CS peaks. The first set appears at wave
vectors (h, k, l) = (u + 1/2, v + 1/2, 2w − 1) with
integer u, v, w with even u+ v. The second set, 4-
5 times weaker, has wave vectors (h, k, l) = (u ±
1/6, v − 1/2, 2w − 1) with integer u, v, w.
• The ferroelectric phases have strong CS peaks at
wave vectors (h, k, l) = (u ± 1/3, v + 1/2, 2w − 1)
with integer u, v, w.
Let us first describe the excitation by light polarized
parallel to the oxygen bridges, that is along ~a + ~b or
~a − ~b. These polarizations results in the spin-nematic
phases. The excitation takes place at those trimers that
are aligned with the electric field. The excitation lift elec-
trons from the Wannier state |w1〉, shown in figure 1.e, to
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FIG. 3. Charge correlation CQ at (h, k, l)=(1/3, 1, 0) and or-
bital correlation CO at (h, k, l)=(1/3, 0, 0) as function of time
for light pulses polarized along ~b (dashed lines) and (~a + ~b)
(solid lines). The intensities are color coded as described in
figure 2
the antisymmetric state |w2〉. The corresponding dipole
oscillation shuffles charge between the two terminal Mn-
sites of the excited trimer.
Furthermore, by shifting weight from |w1〉 to |w2〉, the
excitation transfers charge from the central atom to the
terminal atoms of the trimer. This charge transfer can
be observed by the sudden drop in the charge correlation
in figure 3.
Via electron-phonon coupling, the charge trans-
fer excites phonons, which are in turn responsible
for the oscillations of the charge and orbital cor-
relation functions in figure 3. These phonons are
closely related to the long-lived coherent phonons in
Pr1/2Ca1/2MnO3[17], which have been observed exper-
imentally in Pr1/2Ca1/2MnO3.[13, 24] In contrast to the
half-doped material,[16] these phonons are damped out
more rapidly after the optically induced phase transition,
both for the spin-nematic phase and for the ferroelectric
transition.
The excited Wannier state |w2〉 has a large spatial over-
lap with a |w5〉 Wannier state of an adjacent orthogonal
trimer as shown schematically in figure 1.f. This causes
a charge transfer between the two adjacent trimers, or,
in other words, the formation of an inter-trimer bond.
The two Wannier states, |w2〉 and |w5〉, have, however, a
spin angle of 120◦. Because the electron transfer between
|w2〉 and |w5〉 Wannier states is limited to the like-spin
component, the spin of the eg electrons in the |w5〉Wan-
nier state aligns with the excited trimer. Hund’s rule
coupling, in turn, leads to a force on the t2g spins SR,
which aligns them with the new spin direction of the eg
electrons. This introduces an effective ferromagnetic cou-
pling between adjacent, orthogonal trimers within chains
having five Mn sites in a segment along the polarization
direction and three sites in the orthogonal direction. Be-
yond a critical intensity of the light pulse, provided in ta-
ble I, the effect is sufficiently strong to drive the system
through the phase transition towards the spin-nematic
phase of figure 1.
The co-planar spins of trimers in a chain with spin-
angles of 120◦ align ferromagnetically by adding an out-
of-plane spin component, while reducing the in-plane
4TABLE I. Critical intensities for the optically induced mag-
netic, charge- and orbital-order phase transitions. A0 is the
amplitude of the vector potential andDp is photon absorption
in number of absorbed photons per Mn site.
polarization ~a+~b, ~a−~b ~a, ~b
unit ~/(ea0) ph/Mn ~/(ea0) ph/Mn
phase transition A0 Dp A0 Dp
magnetic 0.25 0.019 0.40 0.032
charge order 1.00 0.088 0.65 0.097
orbital order 1.60 0.168 1.20 0.158
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FIG. 4. Spin angles of adjacent Mn-trimers as function of time
for light polarized along ~a+~b (left) and along ~b (right). The
trimers are grouped according to their final spin alignment
parallel or antiparallel to the global spin axis. On average, the
spins deviate by less than 15◦ from the spin axis of the trimer
they reside on (triangles). Individual spins may deviate up to
30◦. The colors (black, blue, green, red) indicate increasing
intensities of the light pulse as quantified in figure 2.
components as seen from figure 4. The spins reach a fer-
romagnetic alignment for the first time at approximately
0.3 ps after the light pulse. This event is followed by
a longer sequence of spin fluctuations on the picosecond
time scale. The conservation of the total spin results in
a complex spin transfer between different chains during
this period.
Depending on the polarization, the ferromagnetic
chains assume one of two spatial directions, which dif-
fer by an angle of 37◦. A polarization along ~a +~b leads
to a chain with an angle of 18◦ with the ~a-axis and 72◦
with the ~b-axis. A polarization along ~a − ~b leads to a
phase which is obtained from the first by an inversion at
the Mn3+ ion. Interestingly the Mn3+ remain at their
positions as long as the charge order does not melt.
After having described the dynamics for a polariza-
tion along the Mn-trimers, let us now turn to the po-
larization along ~a or ~b. A light pulse polarized with a
45◦ angle from the trimer axes, results in a quite dif-
ferent behavior. In this case a ferromagnetic coupling
between adjacent orthogonal trimer is established as in
the case described above. However, each terminal site of
a trimer can connect to one of two different orthogonal
trimers. One might thus anticipate a pattern with chains
made of a random sequence of straight sections with 3,
4 and 5 Mn-sites. However, the simulations only show
patterns with segments having 4 Mn-sites. This can be
attributed to the fact that each such chain already has
a dominant spin axis in the ground state, figure 1.a, be-
cause the spin angles of the trimers within such a chain
alternate between only two rather than three spin orien-
tations with an angle of 120◦. The preference of a spin-
orientation, build already in the ground state selects a
particular pattern, namely four-membered segments, af-
ter the magnetic phase transition.
There are two possible ferroelectric orientations, along
+~a and −~a, which form without apparent preference.
Both patterns break inversion symmetry and are ferro-
electric with a polarization vector parallel to the a-axis.
The ferroelectric dipole is formed by the inner two Mn-
sites, a formal Mn3+ and a formal Mn4+ ion, of a four-site
segment.
As seen in figure 2 and 4, the spin dynamics leading to
the ferroelectric phases is considerably slower than that
leading to the spin-nematic phase. The order parame-
ter for the ferroelectric transition settles after 1 ps as
compared to 0.3 ps for the spin-nematic phase. This
may be due to the competition between ferroelectric
domains, which have distinct patterns of ferromagnetic
chains. Furthermore, the preferred spin axes of the ferro-
magnetic chains in the ferroelectric transition form them-
selfes a spin spiral along the ~b-axis. The transition from
this spin spiral to a collinear antiferromangetic order is
frustrated.
The charge and orbital orders are more stable and
melt at considerably higher intensities than the optically-
induced magnetic transitions as shown in table I.
In conclusion, our simulations demonstrate the pos-
sibility of ultrafast manipulation of the magnetic order
by ultra-short (femto-second) light pulses. The materi-
als studied exhibit a strongly interwined charge-, orbital-
and non-collinear spin order. The polarization direction
allows to drive the system selectively into a spin-nematic
phase or a ferroelectric phase. The particular broken-
symmetry state of the spin-nematic phase can be pro-
duced selectively by the choice of the polarization. The
selection of a particular broken-symmetry state of the
ferroelectric phase requires an additional electric field.
This field may be static or due to a simultaneous tera-
hertz light pulse with a phase synchronized with the light
pulse.
The optically-induced magnetic phase transitions dis-
cussed here can be investigated experimentally through
ultrafast pump-probe experiments with linearly polarized
pulses. The spin dynamics is accessible via time-resolved
neutron diffraction [8, 18] or magneto-optical Kerr spec-
troscopy [25, 26].
Photo-induced magnetic phase transitions open pos-
sibilities for ultrafast manipulation and storage of in-
formation exploiting polarization-sensitive coupling be-
tween solid-state and photonic systems.
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